The reduction in the risk of progressive retinopathy and nephropathy resulting from intensive therapy in patients with type 1 diabetes persists for at least four years, despite increasing hyperglycemia. (N Engl J Med 2000;342:381-9.) 
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A BSTRACT
Background Among patients with type 1 diabetes mellitus, intensive therapy (with the aim of achieving near-normal blood glucose and glycosylated hemoglobin concentrations) markedly reduces the risk of microvascular complications as compared with conventional therapy. To assess whether these benefits persist, we compared the effects of former intensive and conventional therapy on the occurrence and severity of retinopathy and nephropathy for four years after the end of the Diabetes Control and Complications Trial (DCCT).
Methods At the end of the DCCT, the patients in the conventional-therapy group were offered intensive therapy, and the care of all patients was transferred to their own physicians. Retinopathy was evaluated on the basis of centrally graded fundus photographs in 1208 patients during the fourth year after the DCCT ended, and nephropathy was evaluated on the basis of urine specimens obtained from 1302 patients during the third or fourth year, approximately half of whom were from each treatment group.
Results
The difference in the median glycosylated hemoglobin values between the conventional-therapy and intensive-therapy groups during the 6.5 years of the DCCT (average, 9.1 percent and 7.2 percent, respectively) narrowed during follow-up (median during 4 years, 8.2 percent and 7.9 percent, respectively; P<0.001). Nevertheless, the proportion of patients who had worsening retinopathy, including proliferative retinopathy, macular edema, and the need for laser therapy, was lower in the intensive-therapy group than in the conventional-therapy group (odds reduction, 72 percent to 87 percent; P<0.001). The proportion of patients with an increase in urinary albumin excretion was significantly lower in the intensivetherapy group.
HE Diabetes Control and Complications
Trial 1 (DCCT) was a multicenter clinical trial conducted between 1983 and 1993. It was designed to determine whether intensive therapy with the aim of maintaining blood glucose and glycosylated hemoglobin concentrations as close to the normal range as possible would prevent or delay long-term complications in patients with type 1 T diabetes mellitus. The trial showed that during an average treatment period of 6.5 years, the risk of the development or progression of early microvascular complications of diabetes was substantially lower in the intensive-therapy group than in the conventional-therapy group. At the close of the trial in 1993, patients in the conventional-therapy group were offered intensive therapy and instructed in its use. All patients received subsequent care from their own physicians, and most were enrolled in the Epidemiology of Diabetes Interventions and Complications (EDIC) study, a long-term observational study. 2 One of the objectives of the EDIC study is to compare the longterm effects of the intensive or conventional therapy provided during the DCCT on the development of more advanced retinal and renal complications of diabetes. In this report, we describe the continued differences between the two original treatment groups in the incidence of these complications four years after the close of the DCCT.
METHODS
Patients
The 1441 patients enrolled in the DCCT between 1983 and 1989 were 13 to 39 years old, had had type 1 diabetes for 1 to 15 years, and were in generally good health. The primary-prevention cohort consisted of 726 patients who had no retinopathy and who had a urinary albumin excretion rate of less than 28 µg per minute (less than 40 mg per 24 hours); the duration of their diabetes ranged from one to five years. The secondary-intervention cohort consisted of 715 patients who had had diabetes for 1 to 15 years and who had minimal-to-moderate nonproliferative retinopathy and a urinary albumin excretion rate of less than 139 µg per minute (less than 200 mg per 24 hours). The patients in the primary-prevention and secondary-intervention cohorts were randomly assigned to receive either intensive therapy, with the goal of achieving blood glucose and glycosylated hemoglobin concentrations as close to the normal range as possible, or conventional therapy. Intensive therapy consisted of at least three daily injections of insulin or treatment with an insulin pump, with the dose adjusted frequently on the basis of self-monitored blood glucose values (at least four measurements per day), diet, and exercise. Conventional therapy consisted of one or two insulin injections per day with one urine or blood glucose test per day. The mean duration of follow-up was 6.5 years.
All surviving patients were evaluated at the close of the trial, between January and April 1993. In 1994, 1375 of the patients in the original cohort, including 688 patients in the former conventional-therapy group and 687 patients in the former intensivetherapy group, volunteered to participate in the EDIC study, which included annual follow-up examinations. During the EDIC study, all therapy was provided by the patients' own physicians.
Assessment of Retinopathy, Renal Function, and Glycemic Control
Retinopathy was assessed by fundus photography according to the DCCT-EDIC protocol in 369 patients during EDIC study year 1, 443 patients during year 2, 419 patients during year 3, and 1208 patients during year 4 (1997). All photographs were graded centrally according to the final Early Treatment Diabetic Retinopathy Study (ETDRS) grading scale 3 and DCCT methods 4 ; the graders were unaware of the DCCT therapy assignment. The outcomes related to retinopathy included a progression of at least three steps in the grade of retinopathy from the level on enrollment in the DCCT, the presence of severe, nonproliferative diabetic retinopathy or worse, and the development of proliferative retinopathy. Patients who received panretinal scatter-photocoagulation (laser) therapy were thereafter counted as having worse retinopathy for all these outcomes. The presence of clinically significant macular edema was defined according to ETDRS criteria. 5 Patients who underwent focal photocoagulation for macular edema were counted as having macular edema thereafter. The level of retinopathy at the end of the DCCT was classified as no retinopathy (ETDRS grade 10 in both eyes), microaneurysms only (grade 20 in either eye), mild nonproliferative diabetic retinopathy (grade 30 in either eye), moderate or greater nonproliferative diabetic retinopathy (grade 40 or more in either eye), and any previous laser therapy (focal or scatter). Visual acuity was assessed by ETDRS methods. 6 Renal function was assessed in 649 patients during year 3 of the EDIC study and in 653 patients during year 4 by the measurement of urinary albumin excretion and creatinine clearance in a four-hour urine specimen. 7 Urinary albumin excretion was expressed in micrograms per minute. Creatinine clearance was also estimated on the basis of the inverse of the serum creatinine concentration (with the equations of Cockcroft and Gault 8 ), as follows: K¬(104¡age)¬kg÷(72¬serum creatinine), with K equal to 1 for men and 0.85 for women. Microalbuminuria was defined as a urinary albumin excretion rate of more than 28 µg per minute (40 mg per 24 hours), albuminuria as a urinary albumin excretion rate of more than 208 µg per minute (300 mg per 24 hours), and abnormal glomerular filtration as a creatinine clearance of less than 70 ml per minute per 1.73 m 2 of body-surface area.
Glycosylated hemoglobin was measured annually in a central laboratory by high-performance liquid chromatography. 9 The total mean glycosylated hemoglobin value was calculated as the timeweighted average during both the DCCT and the EDIC study.
Statistical Analysis
To test for differences between groups, Wilcoxon rank-sum tests were used for quantitative or ordinal data, and chi-square tests were used for categorical data. 10 The Mantel-Haenszel method was used to calculate stratified, adjusted odds ratios, 11 with test-based confidence limits. Logistic-regression analysis was used to assess the effects of covariates on the odds of a particular outcome with specific outcomes. 11 The percent reduction in the odds of a particular outcome with intensive therapy as compared with conventional therapy was computed as (1¡the odds ratio)¬100. Group comparisons were adjusted for the level of severity of retinopathy at the end of the DCCT with the use of the Mantel-Haenszel method or logistic-regression analysis. For the logistic-regression analysis, P values were calculated with likelihood-ratio tests.
Proportional-hazards regression analysis was used to estimate the cumulative incidence of the progression of retinopathy during the EDIC study with the use of all photographs in all patients, including those obtained at one, two, and three years in some patients. 12 All analyses were performed with SAS software. 13 
RESULTS
The level of retinopathy was evaluated in 1208 patients during year 4 of the EDIC study. The characteristics of these patients on enrollment in the DCCT and at its end are shown in Table 1 . The characteristics of the patients at the end of the DCCT were the base-line characteristics for the EDIC study. The groups that had received intensive and conventional treatment did not differ significantly with respect to sex, age, duration of diabetes, or duration of followup in the DCCT. However, they did differ with respect to the level of retinopathy at the end of the DCCT and the need for photocoagulation therapy during the DCCT. These differences reflect the benefit of intensive therapy as compared with conventional therapy during the trial. Among the 1302 patients in whom renal function was evaluated during year 3 or 4 of the EDIC study, the proportion with microalbuminuria at the end of the DCCT was nearly twice as high in the group of patients who had received conventional therapy as in the group of patients who had received intensive therapy ( Table 1 ). The prevalence of urinary albumin values above 208 µg per minute and creatinine clearance values under 70 ml per minute per 1.73 m 2 was low and did not differ significantly between the treatment groups at the end of the DCCT.
During the 6.5 years of treatment in the DCCT, the patients in the intensive-therapy group used their assigned therapy (at least three insulin injections per day or continuous infusion of insulin with an external pump) 98 percent of the time, and the patients in the conventional-therapy group gave themselves one or two insulin injections per day 97 percent of the time. During year 4 of the EDIC study, 95 percent of the patients in the former intensive-therapy group continued treatment with multiple daily injections of insulin or an insulin infusion pump, as compared with 75 percent of the patients in the former conventional-therapy group (P<0.001). Less than half the patients in each group were performing self-monitoring of blood glucose four or more times per day.
At the time of enrollment in the DCCT, the mean glycosylated hemoglobin value in each group was about 9 percent ( Table 1 ). The distribution of glycosylated hemoglobin values during the DCCT and during the EDIC study for the 1208 patients who had an eye evaluation during year 4 of the EDIC study is shown in Figure 1 . Over the average of 6.5 years of follow-up in the DCCT, the median glycosylated hemoglobin value was 7.2 percent in the intensivetherapy group and 9.1 percent in the conventionaltherapy group. By the end of year 1 in the EDIC study, the glycosylated hemoglobin values in the two groups had almost converged; the median value was 8.1 percent in the conventional-therapy group and 7.7 percent in the intensive-therapy group. Thereafter, the difference continued to narrow. During the four-year follow-up period in the EDIC study, the median glycosylated hemoglobin values were 8.2 percent in the conventional-therapy group and 7.9 percent in the intensive-therapy group (P<0.001). The correlation coefficient for the mean glycosylated hemoglobin value during the EDIC study and that during the DCCT was 0.58 in the conventional-therapy group and 0.67 in the intensive-therapy group.
Ophthalmologic Outcomes
The rates of prevalence of various levels of retinopathy and of clinically important macular edema were significantly lower in the former intensive-therapy group than in the former conventional-therapy group during year 4 of the EDIC study, as was the case in the same 1208 patients at the end of the DCCT (Fig. 2) . With respect to the principal DCCT outcome, the likelihood (odds) of an increase in retinopathy of three or more steps from base line was Percentage of Patients 76 percent lower in the intensive-therapy group than in the conventional-therapy group at the end of the DCCT. After four years of follow-up in the EDIC study, 49 percent of the patients in the conventionaltherapy group had had a progression in retinopathy of three or more steps from the DCCT base line, as compared with 18 percent of the patients in the intensive-therapy group. Logistic-regression analysis with adjustment for the level of retinopathy at the end of the DCCT showed a 75 percent reduction in the likelihood of progression (P<0.001). For each outcome included in Figure 2 , there was a significantly lower risk in the intensive-therapy group at the end of year 4 of the EDIC study, after adjustment for group differences at the end of the DCCT. To describe better the persistence of the effect of therapy received in the DCCT during the subsequent four years of the EDIC study, we analyzed the incidence of further progression of retinopathy, defined as an increase of at least three steps from the level of retinopathy at the end of the DCCT (Table 2) . Overall, 21 percent of the 581 patients in the conventionaltherapy group had progression of retinopathy, as compared with 6 percent of the 596 patients in the intensive-therapy group, for an unadjusted reduction in the odds of this outcome of 75 percent. When the results were analyzed separately for each of the levels of retinopathy at the end of the DCCT, the incidence of progression was significantly lower in the intensive-therapy group. The adjusted reduction in the odds of progression of retinopathy of three or more steps, averaged over all levels of retinopathy at the end of the DCCT, was 72 percent (P<0.001).
An interval-censored life-table analysis (Fig. 3 ) that included assessments of the level of retinopathy in approximately 25 percent of the cohort at years 1, 2, and 3 of the EDIC study showed that the difference in cumulative incidence of progressive retinopathy between groups increased steadily each year. By year 4, the cumulative incidence in the intensive-therapy group was significantly (70 percent) lower than that in the conventional-therapy group (95 percent confidence interval, 58 percent to 78 percent; P<0.001).
The incidence of worsening of retinopathy at four years in the EDIC study among patients who had been free of each outcome at the end of the DCCT There were 603 patients in the conventional-therapy group and 605 in the intensive-therapy group. Patients who underwent scatter photocoagulation after entry into the DCCT were counted as having worsening retinopathy, and those who underwent focal photocoagulation were counted as having macular edema. Adjusted odds ratios were computed after stratification according to the level of retinopathy at the end of the DCCT, as shown in Table 1 Percentage of Patients is shown in Table 3 . Severe nonproliferative retinopathy, or worse, was detected in 10 percent of the 556 patients in the conventional-therapy group and in 2 percent of the 589 patients in the intensive-therapy group, representing a 76 percent reduction in the odds of this outcome, after adjustment for the level of retinopathy at the end of the DCCT. Among the patients in the conventional-therapy group, 6 percent required laser therapy for the first time during the first four years of the EDIC study, as compared with only 1 percent of the patients in the intensivetherapy group (adjusted odds reduction, 77 percent). Among the patients in the conventional-therapy group, five had visual acuity that was worse than 20/100 in one eye, three of whom had visual acuity that was worse than 20/200 in one eye; none had visual acuity worse than 20/200 in both eyes. No patient in the intensive-therapy group had visual acuity that was worse than 20/100 in either eye.
Renal Outcomes
During year 3 or 4 of the EDIC study, microalbuminuria was detected for the first time in 11 percent of 573 patients in the former conventional-therapy group, as compared with 5 percent of 601 patients in the former intensive-therapy group (Table 4) , representing a 53 percent odds reduction. Likewise, the risk of new albuminuria was reduced by 86 percent in the intensive-therapy group, with similar reductions for patients with normal albumin excretion (no more than 28 µg per minute) and those with microalbuminuria (29 to 208 µg per minute) at the end of the DCCT. Very few patients in either group had a decrease in creatinine clearance, and the adjusted risk of a decrease was similar in the two groups.
Relation of Progression of Retinopathy to Hyperglycemia
Within each former therapy group, the likelihood of further progression of retinopathy during the EDIC study increased as the mean glycosylated hemoglobin values during the DCCT and the EDIC study increased, after adjustment for other factors, including the level of retinopathy at the end of the DCCT. In the conventional-therapy group, the risk of a progression of retinopathy was multiplied by 2.8 for every 1 percent increase in the glycosylated hemoglobin *DCCT denotes Diabetes Control and Complications Trial, EDIC Epidemiology of Diabetes Intervention and Complications, and CI confidence interval. †Patients who underwent scatter photocoagulation during the DCCT were excluded from the analysis (22 patients in the conventional-therapy group and 9 in the intensive-therapy group). The numbers of patients in each group and stratum reflect the effect of the original DCCT therapy (e.g., more patients in the intensive-therapy group than in the conventional-therapy group were free of retinopathy at the end of the DCCT). ‡Progression was defined as an increase of at least three steps between the end of the DCCT and year 4 of the EDIC study. Patients who underwent scatter photocoagulation after the DCCT were counted as having progressive retinopathy. §The odds reduction is for intensive therapy as compared with conventional therapy. ¶P values were calculated by the likelihood-ratio test.
¿Logistic-regression analysis was performed with adjustment for the severity of retinopathy at the end of the DCCT according to the Early Treatment Diabetic Retinopathy Study categories. value during the DCCT and the EDIC study (95 percent confidence interval, 2.2 to 3.8; P<0.001). In the intensive-therapy group, the risk of a progression of retinopathy was multiplied by 2.6 for every 1 percent increase in the glycosylated hemoglobin value during the DCCT and the EDIC study (95 percent confidence interval, 1.7 to 3.9; P<0.001). No other variables, including blood pressure and serum lipid concentrations, had a substantial effect on these complications, perhaps because patients with hypertension or hyperlipidemia had been excluded from the DCCT.
T ABLE 2. P ROGRESSION OF R ETINOPATHY
DISCUSSION
During four years of follow-up in the EDIC study, the levels of glycemic control converged for the group of patients who had received intensive therapy and the group that had received conventional therapy during the DCCT. On the basis of previous epidemiologic assessments, 14 the small difference in glycosylated hemoglobin values between the two treatment groups would be expected to reduce the benefit of intensive therapy that was observed during the DCCT. To the contrary, however, the frequencies of progressive retinopathy, microalbuminuria, and albuminuria remained markedly lower in the former intensive-therapy group than in the former conventional-therapy group. These lower frequencies were not merely a reflection of the differences between the two groups at Cumulative Incidence (%)
*DCCT denotes Diabetes Control and Complications Trial, EDIC Epidemiology of Diabetes Intervention and Complications, and CI confidence interval. †Patients who underwent scatter photocoagulation after the DCCT were counted as having a progression of retinopathy; those who underwent focal photocoagulation were counted as having clinically significant macular edema. ‡The numbers of patients free of each specific type of worsening at the end of the DCCT are given. §The odds reduction is for former intensive therapy as compared with former conventional therapy on the basis of a logistic-regression analysis with adjustment for the level of severity of retinopathy at the end of the DCCT according to the Early Treatment Diabetic Retinopathy Study categories shown in Table 2 , plus any previous laser therapy (focal or scatter). ¶P values were calculated by the likelihood-ratio test. the end of the DCCT (the beginning of the EDIC study), since the reductions in the risk of progressive retinopathy and of nephropathy persisted after adjustment for the differences in the frequency of complications between the two treatment groups at the end of the DCCT. In the intensive-therapy group, the risks of progressive retinopathy and nephropathy remained low, despite an increase in the median glycosylated hemoglobin value from 7.2 percent during the DCCT to 7.9 percent during the EDIC study. Thus, after four additional years of follow-up, the rate of worsening of complications did not increase in the intensive-therapy group. In contrast, in the former conventionaltherapy group, the risk of a progression of retinopathy during the first four years of the EDIC study remained elevated and about the same as during the first four years of the DCCT. 15 The increased risk of progression of retinopathy persisted in the conventional-therapy group, despite a decrease in the median glycosylated hemoglobin value from 9.1 percent during the DCCT to 8.2 percent during the EDIC study.
When examined in relation to the glycosylated hemoglobin values, the likelihood of progressive retinopathy in both groups was strongly associated with the mean glycosylated hemoglobin value during the DCCT and the EDIC study combined. The value during the DCCT appeared to be the stronger determinant of the risk of progression. Similarly, in the Stockholm Diabetes Intervention Study, the prevalence of severe retinopathy after 7.5 years of followup was related to the mean glycosylated hemoglobin value during the first 5 years of follow-up. 16 During the DCCT, the beneficial effects of intensive therapy on the onset and progression of retinopathy and nephropathy were not evident until after three or four years of therapy. In the current study, we found that the marked reduction in the risk of progressive retinopathy in the intensive-therapy group during the DCCT persisted for at least four years despite rising glycosylated hemoglobin values. These findings strongly suggest that intensive therapy that maintains near-normal glycosylated hemoglobin concentrations has a beneficial effect on the long-term complications of diabetes that persists long after the actual period of such therapy. However, the results of the DCCT and the EDIC study should not be interpreted to mean that intensive therapy needs to be administered for only a limited period of time.
The risk of microvascular complications does not appear to be affected in the short term by the prevailing level of hyperglycemia. Instead, these risks are as-*DCCT denotes Diabetes Control and Complications Trial, EDIC Epidemiology of Diabetes Intervention and Complications, and CI confidence interval. †Measurements were performed in year 3 or 4 of the EDIC study (in approximately 50 percent of patients each year). ‡The numbers of patients free of each specific type of worsening at the end of the DCCT are given. §The odds reduction is for former intensive therapy as compared with former conventional therapy on the basis of a logistic-regression analysis with adjustment for the albumin excretion rate at the end of the DCCT. ¶P values were calculated by the likelihood-ratio test. sociated with the effects of chronic hyperglycemia and appear to decrease slowly with a decrease in the level of hyperglycemia. In diabetic animals, the institution of normal glycemia after a prolonged period of severe hyperglycemia does not reverse the risk of microvascular complications quickly, if at all. 17 One possible explanation for these slow changes is the slow accumulation, and subsequent slow degradation, of advanced glycation end products in tissues. 18 In the DCCT, the patients in the intensive-therapy group had lower concentrations of these substances in their skin than did the patients in the conventional-therapy group. 19 In addition to the finding that 6.5 years of intensive therapy markedly reduced the risk of progressive retinopathy over a subsequent period of 4 years, the DCCT previously demonstrated that intensive therapy was more effective when introduced during the first 5 years of diabetes as primary prevention than when introduced as secondary intervention after complications had begun to develop. 1 Moreover, the effects of any level of hyperglycemia increased exponentially over time in the DCCT. 14, 20 In concert, these findings strongly support the implementation of intensive therapy as early as is safely possible and the maintenance of such therapy for as long as possible, with the expectation that a prolonged period of nearly normal blood glucose levels will result in an even greater reduction in the risk of complications in patients with type 1 diabetes.
